This paper presents an application of rock physics templates constructed with the use of the granular effective medium theory and the shale model to estimate the elastic properties of the Silurian and Ordovician shale formations from the Baltic Basic, Poland. The author uses available logging data from three nearby wells and their petrophysical interpretation to distinguish various lithologies and to determine average matrix mineral composition of each lithology group, essential in further rock physics modelling. Anisotropy estimation and investigation of the relation between various petrophysical parameters precede the rock physics modelling. The logging data cross-plotted in Vp/Vs ratio-acoustic impedance domain reveals distinct compaction trend for shales, which is not followed by shales with increased organic matter and calcareous deposits. These two lithology groups present own trends, which are related to increasing kerogen and carbonate minerals contents, respectively. The trends are the subject of rock physics modelling. Granular effective medium rock physics templates are constructed for each lithology group. The rock physics analyses reveal that the elastic properties of strongly compacted shales, including shales with organic matter, might be successfully described by the lower modified Hashin-Shtrikman bound, which is useful in compaction trend modelling. Marly deposits can be modelled in a similar way to shales. The upper modified Hashin-Shtrikman bound provides a better template for carbonates as it models the cementation process. The shale model provides independent rock physics template for shales. Comparison of these two approaches shows that the granular effective medium method better describes the elastic properties of the analysed formations. The paper includes also the proposition of the final rock physics template constructed for the Silurian and the Ordovician formation from the Baltic Basin that can contribute to a better understanding of the elastic properties of the lower Paleozoic shale plays in Poland.
Introduction
Rock physics studies the relationship between physical and elastic properties of rocks to better understand relations between geophysical measurements and rock properties. It emphasis velocity data in general (seismic, sonic logs, or ultrasonic measurements) combined with reservoir properties such as porosity, density, saturation, and clay volume derived from well logs and (or) seismic inversion. Well logging data are the base for creating a rock physics model and necessary in its proper calibration to seismic data. Linking rock and fluid properties to velocities is a basis of quantitative seismic interpretation and allows better understanding seismic response: the seismic reflections are generated by the contrast of acoustic impedance, which is a product of velocity and density. Rock physics relations are usually quantified in terms of elastic moduli, later used for velocity computation.
Rock physics models try to approximate geological processes and deal with the complexity of nature. Firstly, earth materials are inherently heterogeneous. In theory, we make the simplifying assumption that the heterogeneous rocks have some effective, i.e. averaged homogeneous properties over the scale of the measurements. The material can be considered homogenous if its constituents are smaller than the wavelength of measurements. In rock physics modelling, we need to define effective elastic moduli, which depend on (1) elastic moduli of the components, (2) their volume fractions, 1 3 and (3) their geometrical relationships. If only (1) and (2) are known, then one can predict for the composite only the upper and lower bounds of the elastic properties. The precise values of moduli depend on the geometrical details how the components are arranged relative to each other. However, the upper and lower bounds of the moduli are robust and relatively free of approximations limits of the elastic behaviour and are wildly used in rock physics. Assuming the geometrical arrangement of the rock constituents, one can apply some models that approximate the rock elastic moduli. Popular approaches include approximation of the rock by the collection of separate grains, whose elastic properties are determined by the deformability and stiffness of their grain-to-grain contacts, and the description of the rock as an elastic solid containing cavities (inclusions) representing the pore space. Most of the contact models are based on the Hertz-Mindlin theory developed by Hertz (1882) and Mindlin (1949) who described the elastic behaviour of two identical spheres in contact. Granular effective medium (GEM) models are a good approximation of sedimentary rocks made of an aggregate of round grains, such as sandstones or ooidal limestone. However, they are often applied to clay-rich or shaly sandstones and even to shales. The inclusion models, for example Kuster and Toksöz (1974) model, assume "penny-shape" cavities that reduce the overall stiffness of the rock. Shales, due to the strong alignment of clay minerals, require a different approach to model elastic properties. Vernik and Kachanov (2010) proposed a semiempirical relation between bedding-normal stiffness (or bedding-normal P-velocity) and porosity formulated for fully water-saturated conventional shales. Bedding-normal S-velocity is computed using the nonlinear semiempirical equation derived from Vp − Vs relation. The shale model (SM) is willingly applied by many authors to rock physics models of shales (e.g. Mur and Vernik 2019; Sayers and Dasgupta 2019; Vernik 2016 ). An excellent introduction to rock physics models and their application to seismic interpretation can be found in Avseth et al. (2010) and Vernik (2016) . A concise set of theoretical and empirical relations of rock physics is presented in a handbook of Mavko et al. (2011) . Mur and Vernik (2019) published a brief overview of the most popular rock physics models, and Allo (2019) summarised the granular effective medium models that are widely applied in rock physics and seismic petrophysics. Ødegaard and Avseth (2004) proposed a technique called rock physics template (RPT), in which the fluid and the mineralogical content of a reservoir could be estimated on a cross-plot of Vp/Vs ratio against acoustic impedance (AI) of P-wave. Relationships between elastic wave velocities and porosity or density of the formation are also frequently used in many rock physics models. Successful RPT should be made for specific sedimentary basin or area and calibrated for specific rock types with the use of appropriate rock physics models. This ensures taking into account local geological parameters such as lithology and mineralogy, reservoir properties, i.e. porosity, fluid type and saturation, pressure, temperature gradient, and diagenesis. The templates may be used for interpretation of seismic data away from the boreholes or for the corresponding sedimentary basin with similar lithology.
Most of the RPT has been created for siliciclastic rocks. There have been numerous researches conducted for sands, sandstones, and shales providing the essential relationships between lithology, fluid, and elastic rock properties as well as studying depositional and compactional trends. For example, Avseth et al. (2001) studied the effect of burial and compaction on the seismic properties of unconsolidated sands and shales, and the cemented sandstones from the North Sea, while Bredesen et al. (2019) performed rock physics modelling conditioned by the burial history of the Barents Sea sandstones. Geologically consistent depth trend modelling that accounts for burial, pressure and temperature history was proposed by Draege (2019) . Chi and Han (2009) analysed unconsolidated sands from the Gulf of Mexico. Avseth et al. (2009) presented how the rock texture, geological depositional environment and compaction in reservoir sandstones could be diagnosed from rock physics models of elastic moduli or velocities versus porosity cross-plots. Narongsirikul et al. (2019) applied soft-sand model, established for normally compacted sediments, to mechanically compacted over consolidated sandstones receiving insight into pre-consolidation stress estimation. A general rock physics template derived entirely from the well logging data, generated for sand and shale lithologies for Vienna Basin, Austria, and supplemented with the carbonate bounds, was published by Tucovic and Gegenhuber (2017) .
Besides the rock physics templates for siliciclastic sediments, the rock physics modelling has been done for carbonates reservoir too. Multi-scale rock physics templates based on laboratory, well logs, and seismic data were created by Ba et al. (2013) . Gegenhuber and Pupos (2015) determined rock physics templates for the carbonates in Austria on the basis of laboratory measurements. Xu and Payne (2009) tested some originally designed for clastic rocks models and adjusted them to the complex pore system in carbonates.
Recently, the rock physics of the unconventional hydrocarbon reservoirs has been extensively developed. The studies are concentrated on clays, shales, and organic-rich shales; however, they include also tight gas sandstones, coals and coal bed methane, heavy oil, and gas hydrates (Prasad et al. 2009 ). Robust rock physics modelling for clay-rich source rocks is presented in Carcione and Avseth (2015) . Analysis of organic-rich shales from the North Shelf can be found in Avseth (2014) and Avseth and Carcione (2015) . A significant impact of kerogen on elastic properties and seismic responses of shales was studied by Carcione et al. (2011) and Vernik and Milovac (2010) who compared rock physics models for organic-rich shales. Sayers (2013) calculated the effect of kerogen on the anisotropy of shales. Rock physics model for organic-rich shales to quantify the impact of kerogen content and kerogen porosity was constructed by Li et al. (2015) .
Recognition of elastic properties of Polish shales is still in progress. For example, shaly-sandy Miocene and lower Paleozoic shale formations were modelled by Bała (2007 Bała ( , 2015 Bała ( , 2017 using Biot-Gassmann and Kuster-Toksöz theoretical relationships. Stadtmüller et al. (2018) computed matrix bulk moduli for Ordovician and Silurian shales from the Baltic Basin based on the correlation between static moduli from laboratory measurements and the volume fractions of the mineral constituents. Elastic and reservoir properties of shale gas formation investigated by seismiclike attributes derived from full sonic logs were studied by Wawrzyniak-Guz (2018) . Brittleness index based on elastic properties of Ordovician and Silurian shales from the Baltic Basin was calculated by Bała Jarzyna et al. (2017a) , Liana and Papiernik (2017) and Cyz et al. (2018) . Method of resolution enhancement of seismic data to aid structural interpretation of sweet spots within seismically thin formations in the Baltic Basin was proposed by Kwietniak et al. (2018) .
The primary objective of this paper is to apply two common approaches in rock physics modelling to the shale formations from the Baltic Basin. The first method is based on the granular effective medium (GEM) theory, which is extensively used for different rock types such as unconsolidated, cemented and compacted, and clay-rich sediments. The second one, the shale model (SM), is valid for conventional fully water-saturated shales. Before the modelling of the elastic properties, I made the data-driven lithology discrimination based on logs and their petrophysical interpretation. It allowed me to distinguish three lithology groups: shales, shales with increased organic matter, and carbonates and calcareous deposits, as well as to determine the average mineral matrix composition used in further computations for each lithology individually. Then, I attempted to estimate the anisotropy of shales with the use of pseudo-anisotropy Thomsen parameters derived from the logging data. Then, I used Vp/Vs ratio-acoustic impedance and Vp-total porosity cross-plots to examine the relationships between petrophysical properties of the rocks. The cross-plots revealed also a distinct compaction trend for shales, and separate trends for shales with increased organic matter and calcareous deposits, which are related to increasing kerogen and carbonate minerals contents, respectively. These trends were the subject of following rock physics modelling. The GEM rock physics templates were constructed for each distinguished lithology group; the SM templates were constructed for shales only. The lower modified Hashin-Shtrikman bound, that was used in the GEM method, reasonably described compaction trend for shales, shales with increased organic matter, and marls. For carbonates, the modified upper Hashin-Shtrikman bound performed better. The SM method gave unsatisfactory results for shales, especially for very low porosities. In the end, I proposed the final rock physics templates for various lithologies of lower Paleozoic formations from Baltic Basin.
Geological information
In Poland, the lower Palaeozoic shale formations spread along the western margin of the East European Platform. They have been considered as one of the most interesting unconventional hydrocarbon systems in Poland. The sedimentary basins include the Baltic Basin in the north, the Podlasie Basin in the middle part, and the Lublin Basin in the south-eastern part of Poland (Poprawa 2010; Porębski et al. 2013; Podhalańska et al. 2016) . The recent shale gas exploration boom in Poland has resulted in many researches focused on investigation and understanding of the complex petrophysical, geomechanical, and reservoir properties of unconventional resources in Poland, particularly shale plays (e.g. Podhalańska 2016; Jarzyna et al. 2017a Jarzyna et al. , b, 2018 Malinowski et al. 2018) .
This paper presents the analysis of the Silurian and Ordovician shale deposits from the Baltic Basin, recognised as the basin with the high hydrocarbon potential, carried out for three closely located boreholes. The study included the following lithostratigraphic units: The lithostratigraphic division is presented after (Modliński and Szymański 1997; Modlliński et al. 2006; Podhalańska et al. 2016) . Jantar Member and Sasino Formation are considered as series with high hydrocarbon potential due to zones of increased kerogen volume. However, they are relatively thin series of deposits. The thickness of Ja Mb ranges from 11 m in well W2 to 14 m in W3 well, and the thickness of the Sa Fm ranges from 19.5 m in well W3 to 25.5 m in well W1.
Analysed deposits are dominated by claystones, siltstones, and mudstone (Ko Fm, Pe Fm, Pa Fm), which are locally enriched in organic matter (Ja Mb and Sa Fm). Some sediments are marly (Pu Fm and Pr Fm). There are also carbonates and calcareous deposits (Re Mb and Ko Fm). The clay groundmass of the shales is composed mainly of illite with the admixture of illite/smectite mixed layer structures and chlorite. The silt fraction consists of quartz with addition of feldspars. Quartz and carbonates form the cement in the rocks. Carbonates are present also as thin intercalations, concretion-like concentrations, and laminae. Organic matter may be scattered or concentrated in grains or laminae. There are bentonite and tuff intercalations present in some formations as well as pyrite, other sulphur compounds and phosphates (Sikorska-Jaworowska et al. 2016; Feldman-Olszewska and Roszkowska-Remin 2016) .
Data used in the study are wireline logs that were recorded in three nearby wells: W1, W2, and W3. The line of correlation goes from WSW to ENE between W1 and W2 wells and from NNW to SSE between W2 and W3 wells. The distances between wells are 5.26 km and 18.55 km, respectively. The depth of the analysed deposits ranges from approximately 1000-3000 m. Figure 1 presents the depth intervals and lithostratigraphic division that are examined in the study.
The well logging data used in this study come from the standard measurements of gamma, spectral gamma, density, neutron, and resistivity logs as well as from geochemical and cross-dipole sonic logs. The measurements were taken with the use of the Halliburton and Schlumberger logging tools. The logging services provided the petrophysical, lithological, and reservoir interpretation of the data. It was later supplemented with additional interpretation when the laboratory tests on core data had been completed. Results of the formation evaluation in each well, including mineral composition and TOC evaluation (by the Passey et al. 1990 method) , porosity and saturation, were allowed in this research.
Selected petrophysical properties of the lower Paleozoic sediments derived from well logging data for W1, W2, and W3 wells are summarised in Table 1. The table presents the minimum, maximum, and average values of P-wave and S-wave velocities (Vp and Vs, m/s), bulk density (RHOB, kg/m 3 ), total porosity (PHIT, %), wet clay volume (Vcl, %), kerogen volume (VKER, %), and hydrocarbon saturation (V GAS , %) for the lithostratigraphic units.
To visualise relations between the petrophysical parameters, P-wave velocity (Vp) is cross-plotted in a function of total porosity (PHIT) and presented in Fig. 2 . The points are coloured regarding the lithostratigraphic series (a), clay volume (b), bulk density (c), carbonate (d), kerogen (e), and hydrocarbon (f) volumes. The figure shows the data only from well W1; however, similar relations are observed in the W2 and W3 wells. P-wave velocity of the investigated sediments ranges roughly between 3000 and 5500 m/s. Porosity of the lower Paleozoic deposits is low (Krakowska and Puskarczyk 2015) , from a few to several per cent (Table 1) . There is a stable, monotonic, and slightly nonlinear relationship between Vp and PHIT: the increase in porosity results in decreased P-wave velocity. It can be noticed that the formations composed of claystones, mudstones, and siltstones exhibit compaction effect: the deeper the formation is, the lower the porosity and the higher the velocity it has. The compaction is observed especially for Prabuty, Pasłęk, Pelplin, Kociewie, and Puck Formations (Fig. 2a ). The points for these formations overlap as a consequence of various ranges of velocities and porosities. As expected, the highest values of P-wave velocity have calcareous mudstones of Reda Member and limestones of Kopalino Formation. Re Mb and Ko Fm are also characterised by the lowest porosity and clay content, the highest bulk density, and the highest carbonate minerals volume ( Fig. 2b-d , respectively). Jantar Member and Sasino Formation, which are considered as potential sweet spots, have distinct petrophysical characteristics, and the points on the cross-plot are shifted from the compaction trend towards lower velocities and higher porosities. These two series are characterised by relatively moderate velocities and porosities compared to the other formations. Average values of Vp and PHIT are (Table 1) : 3638 m/s and 6.7% (Ja Mb) and 3790 m/s and 7.4% (Sa Fm). There are also zones of elevated organic matter and saturated with hydrocarbons within the shales of Ja Mb and Sa Fm sediments ( Fig. 2e and f), characterised by the higher kerogen volume that was confirmed by the TOC laboratory measurements (Kotarba et al. 2014; Jarzyna et al. 2017b Jarzyna et al. , 2018 . Increased kerogen volume corresponds also to lower bulk density ( Fig. 2c , Table 1 ). For shales composed of claystones, mudstones, and siltstones, it can be seen that the increase in clay volume has a greater influence on the decrease in P-wave velocity rather than porosity ( Fig. 2b) : for any formation, the lowest velocity is observed for the highest clay content.
Anisotropy evaluation of the lower Paleozoic deposits
Shales, which are major components of sedimentary basis, play an important role in elastic wave propagation because of their anisotropic microstructure. The inorganic phase of shales is typically composed of various minerals consisting of quartz, feldspar, pyrite, calcite, and dolomite as well as clay minerals that may include chlorite, illite, kaolinite, and smectite. Clay minerals have a strongly layered structure resulting in elastic anisotropy. Because anisotropic clay minerals tend to be partially aligned with the bedding plane (e.g. Table 1 Basic statistics of petrophysical properties of the lower Paleozoic formations from W1, W2 and W3 wells: Vp, Vs-P-and S-wave velocities, PHITtotal porosity, RHOB-bulk density, V CL -wet clay volume, V KER -kerogen volume, V GAShydrocarbon volume Litho-strat. Wells: W1, W2, W3 For clay-rich shales, anisotropy caused by the alignment of clay minerals and microlaminations is visible in scanning electron images. Anisotropy may be caused also by laminations at larger scales. Unconventional, organic-rich shales contain additionally organic components. They are often found to be strongly anisotropic due to the presence of anisotropic clay minerals as well as the bedding-parallel lamination of organic material within the shale, which is caused by the partial alignment of kerogen inclusions and pores in the rock (e.g. Vernik and Liu 1997; Vernik and Milovac 2010; Sayers 2013; Carcione and Avseth 2015; Zhao et al. 2016) . Nonrandomly orientations of microcracks, alongside small-scale inter-layering and preferred orientation of kerogen and plate-like clay, are the third cause of elastic anisotropy in organic shales (e.g. Vernik and Nur 1992; Vernik 1993) . Shale in its nonfractured state is often assumed to be polar anisotropic (or transversely isotropic, TI) with a vertical axis of rotational symmetry (Thomsen 2012) . A TI medium has a hexagonal symmetry with five independent (Mavko et al. 2011) . Assuming the x 3 axis lies along the axis of rotational symmetry, the nonvanishing elastic stiffness coefficients are: c 11 = c 22 , c 33 , c 12 = c 21 , c 13 = c 31 = c 23 = c 32 , c 44 = c 55 , and c 66 = c 11 − c 12 ∕2 in the conventional two-index notation (Nye 1985) . The elastic stiffness matrix in Voigt notation can be written as:
These five components of the stiffness matrix for TI material can be derived from five velocity measurements (e.g. Wang 2002), which are referenced concerning the bedding plane (Thomsen 2012; Mavko et al. 2011) . When the symmetry axis of isotropy is perpendicular to the bedding planes (assuming here horizontal layering), then the velocities are:
The stiffness coefficients c ij are computed from elastic velocities and the bulk density ρ as follows: Thomsen (1986) introduced three anisotropy parameters ε, γ, and δ that have become conventional and common in geophysical applications:
(1)
In case of weak polar anisotropy, i.e. | |, | |, | | ≪ 1, these parameters simplify the equations for angular dependence of velocities in TI media. Elastic velocities in terms of Thomsen parameters can be written as:
and where 13 is the anisotropic Lame parameter. Thus, the five independent parameters that describe polar anisotropy may be taken as: V P0 , V S0 , , , and . Thomsen parameters determine the shape of P-and S-wavefronts in the TI media. For weak polar anisotropy, the parameter is characterised by the fractional difference between the horizontal and vertical P-wave velocity, while the parameter is the fractional difference between the velocities of S-waves polarised horizontally and propagating horizontally and vertically (Mavko et al. 2011) . Therefore, and are usually called as the P-and S-wave anisotropy parameters, respectively. The parameter is a more complicate combination of elastic stiffnesses. Sonic logs measure only vertical velocities V P0 and V S0 . Assuming horizontal bedding of geological formation and vertical wells, they are bedding-normal velocities. Acoustic logs cannot measure Thomsen parameters. However, Li (2006) proposes a method that allows computing and directly from sonic logs and clay volume V cl . Based on laboratory data published by Thomsen (1986) , Vernik and Nur (1992) , Johnston and Christensen (1995) , and Vernik and Liu (1997) , Li derives empirical relations between and , bedding-normal velocities of P-and S-waves, and clay volume. On the cross-plots versus V P0 , and versus V S0 , Li marks three main points: (1) "critical porosity sand point", (2) "zero porosity sand point (or quartz point)", and (3) "zero porosity clay point (or clay mineral point)". The critical porosity sand point (for porosity ≈ 40%) indicates suspension domain, i.e. effective shear modulus and S-wave velocity are equal to zero. The effective P-wave velocity may be approximated by the velocity of brine ( V P water ). The velocities of quartz point approximate the sandstone with zero porosity. These two points are associated with
zero anisotropy. The clay mineral point is determined with the use of the mean of the data points (from the aforementioned laboratory data) with the largest anisotropic values. Li (2006) computes Thomsen parameters as follows:
where clay , clay -Thomsen parameters of clay mineral point, V cl -clay volume, V P0 , V S0 -bedding-normal P-and S-wave velocities, V P water -an approximation of P-wave velocity at critical porosity, V P quartz , V S quartz -P-and S-wave velocities of quartz, V P clay , V S clay -P-and S-wave velocities of clay. Li (2006) derives the values of anisotropic parameters for clay mineral point from the analysed laboratory data and proposes values: clay = 0.6 and clay = 0.67. Bała et al. (2019) applied this methodology to the shale formation in the Baltic Basin and suggested a technique that allows estimation of clay and clay from the well logging data. They assume that the value of Thomsen parameters in the series of limestones should be low and choose clay and clay so that this condition is met. For clay = 0.35 and clay = 0.37 , the average values of Thomsen parameters in the series of limestones with V LIM > 0.65 are av = 0.080 and av = 0.069 . Bała et al. (2019) called Thomsen parameters computed with the Li method as "pseudo-anisotropy parameters" because this method does not take into account fractures and micro-fissures.
This method was applied to the lower Paleozoic shale formations in W1, W2, and W3 wells to estimate
pseudo-anisotropy Thomsen parameters and . Because the wells are vertical and the drilled formations lie almost horizontally, thus, polar anisotropy can be assumed and bedding-parallel velocities of P-wave, V P90 , and S-waves, V S9090 , can be computed in the next step with the use of Eqs. 4e, 4d. Velocities recorded by the cross-dipole sonic tool, i.e. Vp and Vs, are considered here as bedding-normal: V P0 and V S0 . It should be also mentioned that the cross-dipole sonic tool measures shear velocity in two orthogonal directions X and Y: V sx and V sy , respectively. In this study, only V sx is used due to the low quality of the sonic full waveforms recorded in the Y-direction. V sx is constantly described here as Vs.
The three main points on the cross-plots versus V P0 and versus V S0 were fixed with the following values (Bała et al. 2019) : (1) the critical porosity sand point-V P water = 1540 m/s, V S water = 0 m/s, = 0, and = 0; (2) the quartz point-V P quartz = 5980 m/s, V S quartz = 4030 m/s, = 0, and = 0; and (3) the clay mineral point-V P clay = 3500 m/s, V S clay = 1780 m/s, clay , and clay were determined separately in each well. Anisotropy parameters of the clay mineral point were established in reference with very low anisotropy in Kopalino Formation. It was assumed that in this series, for limestones with the carbonate minerals (i.e. calcite + dolomite) volume > 65%, the maximum values of and should not exceed 0.1. This assumption provided values: clay = 0.35 and clay = 0.42 in well W1, clay = 0.3 and clay = 0.37 in well W2, and clay = 0.34 and clay = 0.38 in well W3. These values are much lower than proposed by Li (2006) but consistent with the results obtained by Bała et al. (2019) . Having clay and clay , it was possible to compute pseudo-anisotropy parameters in shale formations (Eqs. 5a, b). Results for well W1 are presented on the cross-plots -V P0 , and -V S0 (Fig. 3) . Figure 4a shows average values of pseudo-anisotropy parameters obtained in individual lithological unit derived for all wells. It can be seen that Fig. 3 Relationship between pseudo-anisotropy parameters ε and γ, P-and S-wave velocities (Vp and Vs), and clay volume V cl computed for lower Paleozoic formations in well W1 has slightly higher values than . Calcareous formations (Re Mb and Ko Fm) have the lowest values of anisotropy, below 0.1. Claystones and mudstones are characterised by higher values of these parameters, up to 0.2. The highest parameters, exceeding 0.2, are observed only in Prabuty Formation.
In the next step, bedding-parallel velocities V P90 and V S9090 were computed with the use of Eqs. 4d, 4e. Velocities from cross-dipole sonic log, i.e. Vp and Vs, and pseudo-anisotropy parameters and obtained from Li (2006) method were applied in the computations. Figure 4b compares average values of bedding-normal and bedding-parallel velocities in each individual lithological unit. These values, together with values of pseudo-anisotropy parameters, are summarised in Table 2 .
Values of pseudo-anisotropy parameters presented here are associated with the clay volume and thus are related to the intrinsic anisotropy caused by the partial alignment of clay minerals and micro-layering in shales. When the shale layers are horizontal (which is the case for the discussed formations), such medium is polar anisotropic or TIVtransversely isotropic with a vertical axis of symmetry. The TIV anisotropy parameters in Fig. 4a and Table 2 are in accordance with the results of the Backus-averaged well log method applied by Gajek et al. (2018) , who obtained epsilon and gamma equal to 0.14 (14%). The anisotropy of the lower Paleozoic shale formations from the Baltic Basin was also estimated by Stadtmüller et al. (2018) . There can be found information that the anisotropy is very weak. It mainly ranges between 1 and 5%; the dominant anisotropy is 0.4-2%, rarely exceeding 3% in thin intervals. Higher values of anisotropy, up to 9%, are observed only in Sasino Formation, but these zones coincide with the low quality of full waveforms recorded by the dipole sonic tool. (These zones were excluded from the analyses presented in this paper.) The discrepancy between the parameters that quantify the anisotropy lies obviously in different methodologies, but the reason is more fundamental. Anisotropy computed by Stadtmüller et al. (2018) is azimuthal, not polar. It is derived from the cross-dipole array waveforms measurements based on shear wave splitting (or shear wave birefringence). This phenomenon appears in TIH medium-transversely isotropic with a horizontal axis of symmetry, where shear waves split into two waves with orthogonal polarizations. One component is polarised along the formation's stiff (or fast) direction, and the other is polarised along the formation's compliant (slow) direction (e.g. Brie et al. 1998 ). General Alford Fig. 4 Average values of a pseudo-anisotropy parameters and b bedding-normal ( V P0 , V S0 ) and bedding-parallel ( V P90 , V S9090 ) velocities of Pand S-wave velocities computed for lower Paleozoic formations in wells W1, W2, and W3 rotation (Alford 1986 ) of sonic waveforms provides the velocity of slow and fast shear wave components. It should be emphasised here that vertical wells provide the best conditions for azimuthal shear anisotropy measurement. TIH anisotropy is caused by oriented inclusions such as vertical fractures and microcracks, or by differences in horizontal stresses. Cross-dipole sonic measurements in vertical wells are insensitive to polar anisotropy, i.e. to effective anisotropy of horizontal layering (Esmersoy et al. 1994 ). Thus, ε and γ parameters obtained from Li (2006) method, and computed horizontal P-and S-velocities, V P90 and V S9090 respectively, should be treated only as an approximation of the anisotropy in shales, since they consider only TIV anisotropy.
RPT modelling for shale formations

Lithology discrimination
The results of the formation evaluation, which were available for each investigated borehole, included volumes of mineral components derived from geochemical logging, total porosity, and water saturation. The sum of all matrix components and total porosity gives 1 (i.e. 100% of the rock).
It was assumed that the lithology model of the matrix for Silurian and Ordovician shales included: quartz with addition of feldspar and plagioclase (V SAN ); calcite and dolomite with addition of other carbonate minerals (V LIM and V DOL , respectively); sum of clay minerals: illite, illite/smectite, and chlorite (V CL_dry ); pyrite and other sulphur compounds (V PYR ); and kerogen (organic matter) (V KER ). Based on the volume fractions of each mineral, it was possible to make lithology discrimination. The Silurian and Ordovician formations were grouped into three groups:
(1) shales, (2) shales with increased organic matter (OM) and saturated with hydrocarbons (HC), and (3) carbonates and marls. The group (2) was determined when V KER > 2%, Sw < 45%, and V GAS > 2%, where V GAS is a volume fraction of gas, and S w is the water saturation. When the sum of carbonate minerals exceeded 20%, i.e. (V LIM + V DOL ) > 20%, the formations were classified as the group (3). The remaining deposits were considered as the group (1). Results of the lithology discrimination are presented in Fig. 5 and are included in Tables 3 and 5 . The matrix average mineral composition of each lithology group was used for following effective bulk and shear moduli, as well as P-wave modulus computation, and creating the rock physics templates with 
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Average mineral volume fractions in matrix (W1-W2-W3 wells) the use of the GEM theory and the SM equations. The workflows are described in detail in the next chapters. The lithology discrimination exposed differences between shales and organic shales and allowed distinguishing them from carbonates and marly deposits. The principal component of each lithology group is clay minerals, comprising 65% of the matrix in shales, 56% in organic shales, and 47% in calcareous formations. Organic shales have significantly higher kerogen and quartz volumes in comparison with shales, but lower carbonate minerals content. Marly shales, marls, and carbonates are characterised by a higher amount of carbonate minerals, reduced volume of quartz, and the lowest kerogen volume. Pyrite content in each lithology group is approximately similar; however, in shales enriched in organic matter, its volume is the lowest.
For rock physics modelling, the Vp/Vs ratio (VpVs) versus acoustic impedance (AI) cross-plot was created. In each well, the full waveform sonic logs were recorded, and Vp and Vs data were available. Thus, it was possible to obtain reliable Vp/Vs ratio that is a lithology discriminator as well as a very good gas indicator. Using Vp and bulk density logs, the values of AI were computed. Density measurement might be of great interest in case of organic shale because the low-density kerogen may significantly lower the overall rock bulk density. Figure 6 shows the VpVs versus AI crossplot comprising all the data, i.e. from the Silurian Puck Formation (the youngest and the shallowest) to the Ordovician Kopalino Formation (the oldest and the deepest), recorded in three investigated wells. The upper part of the figure presents lithostratigraphic division, while the lower part displays the results of lithology discrimination.
When analysing the cross-plot with lithostratigraphic division, it can be seen a clear compaction trend-the deeper the shale formation is, the higher the acoustic impedance and the lower the Vp/Vs ratio it has. The exceptions are the Jantar Member and the Sasino Formation, which have significantly lower Vp/Vs ratio and reduced acoustic impedance values. The compaction trend is not also followed by the calcareous mudstones of Reda Member, limestones of Kopalino Formation, and the marly deposits of Prabuty Formation shales. These formations have higher acoustic impedance than the shales and increased Vp/Vs ratio.
To explain these features, average values of bulk density, RHOB av, compressional and shear velocities, Vp av and Vs av, and kerogen volume, V KER av, have been calculated in each lithological unit and for W1, W2, and W3 wells together. The results are presented in Fig. 7 .
The average values of the bulk density and the P-and S-velocities put together with the kerogen volume reveal that the higher organic matter content in the Jantar Mb and Sasino Fm shales significantly reduces the compressional wave velocity and the bulk density. The effect of increased kerogen volume on the shear velocity is weaker. In this case, both Vp/Vs ratio and AI decrease. As a result, the Jantar Member and the Sasino Formation points on the VpVs versus AI cross-plot are shifted from the compaction trend towards the lower values of Vp/Vs ratio and acoustic impedance and it is possible to mark the kerogen trend on the plot.
Increased Vp values can explain the opposite shift trend of calcareous sediments. In this case, the bulk density has less impact on the acoustic impedance: the average bulk density of the shales is very high, ca. 2.65-2.69 × 10 3 kg/m 3 due to significant compaction caused by the great depths, while the average bulk density of the Kopalino limestone is 2.71 × 10 3 kg/m 3 . Additionally, carbonates have higher Vp/Vs ratio than quartz-based siliciclastic rock because Vp increases faster than Vs with growing carbonate content (Schön 1996) . These resulted in shifting the points towards higher Vp/Vs ratio and acoustic impedance.
The VpVs-AI cross-plot with superimposed lithology discrimination results confirms preliminary conclusions. The organic shales are shifted towards lower Vp/Vs ratio and lower acoustic impedance values, while limestones, marls, and calcareous deposits are placed in the region of higher Vp/Vs ratio and acoustic impedance values.
Elastic bounds
The simplest bounds of elastic moduli are the Voigt (1910) and Reuss (1929) bounds. No matter how the complex the composite is, its elastic moduli are constrained by these bounds.
The Voigt bound (upper limit) is also called the isostrain average. It assumes that all components of a multi-phase medium experience the same strain. The Voigt bound gives maximum possible moduli of the composite-a mixture of the constituents cannot be elastically stiffer than the arithmetic average of the components moduli:
where f i is the volume fraction of the ith component of the material, and M i is the elastic modulus of the ith component of the material. The Reuss bound (lower limit) assumes constant stress field throughout the material. It describes an isostress situation that applies to suspension of solid grains in a fluid and fluid mixing. The Reuss lower bound gives the minimum possible elastic moduli for a given material. A mixture of the components of the material cannot be elastically softer than the harmonic average of the components moduli:
The M in the Voigt and Reuss averages can represent any elastic modulus. Usually, the Voigt and the Reuss bounds of the bulk modulus M = K and the shear modulus M = G are calculated, and then, the other moduli are computed using the rules of isotropic linear elasticity. When we need only to know the estimation of the moduli (instead of the range of the allowable values), the average of The Hill average is relatively accurate when all components of the composite have similar elastic moduli. It is also commonly used to estimate the modulus of the multi-mineral rock matrix.
The narrowest possible range of the elastic moduli of the mixture of the two or more components, without specifying anything about their geometrical arrangement, is given by the Hashin-Shtrikman-Walpole bounds (or in case of two components by the Hashin-Shtrikman bounds). For an isotropic material composed of more than two phases, the upper and lower Hashin-Shtrikman-Walpole bounds are written as (Berryman 1995) :
where m is defined as: f i is the volume fraction of the ith component of the material, M i , G i are the bulk and shear moduli of the ith component 
Rock physics template-granular effective medium model
Firstly, to create a rock physics template with the use of the GEM theory, the moduli of dry rock are needed for two porosity end-members: the moduli of the dry rock at zero porosity (i.e. the moduli of the solid multi-mineral matrix) and the dry moduli of the rock at the high (i.e. critical) porosity ϕ c . The critical porosity (Nur 1992 ) is a structure-dependent porosity at which the framework stiffness goes to zero. It means that any porous material ceases to exist above a certain porosity limit, and rock starts falling apart. For sandstone, critical porosity is 0.36-0.4 (Mavko et al. 2011) . Shales have higher critical porosity, ϕ c ≈ 0.6-0.7, due to the card-stack arrangements of clay particle and (Avseth et al. 2001) . The effective moduli of the solid multi-mineral matrix may be calculated with the use of the Hill average or using the average of more rigorous lower and upper Hashin-Shtrikman-Walpole bounds. The GEM theory assumes that the rock is composed of randomly packed spheres, which is not fully applicable for shales. However, the shales, apart from plate-like clay, consist of other minerals like quartz, feldspars, and carbonates that can be modelled with the use of the granular approach. The dry rock elastic moduli for critical porosity can be computed with the use of the Hertz-Mindlin contact theory (Mindlin 1949) . K HM and G HM are given by:
where K ma , G ma , and ma are the effective bulk modulus, the effective shear modulus, and the effective Poisson's ratio of the dry rock multi-mineral skeleton, respectively, c is a critical porosity, P is the confining pressure acting on the rock, and n is a coordination number. The coordination number n is a number of contacts per grain (assuming the rock is composed of spherical grains). It may be estimated by relation (Avseth et al. 2001 ):
Hertz-Mindlin contact model is used for precompacted granular rocks when the spheres (grains) are first pressed together, and a tangential force is applied afterwards (Mavko et al. 2011) .
Then, the elastic moduli of dry rock between the two endmember porosity points are estimated based on the modified Hashin-Shtrikman bounds. They are computed directly from Eqs. 9a-c if the rock is composed of a matrix with its volume fraction (1 − ϕ) and porosity ϕ. In modified Hashin-Shtrikman bounds, the porosity ϕ is replaced with ϕ/ϕ c . We can assume that the diagenesis of rock begins with unconsolidated, highly porous sediment that gradually gets compacted until reaching critical porosity. When the critical porosity is achieved, the cementation is the primary diagenetic process that causes a decrease in porosity and an increase in elastic moduli. The modified Hashin-Shtrikman bounds separate the trends of consolidated and unconsolidated rock elastic moduli. For unconsolidated or soft sediments, when the porosities are higher than the critical porosity, the compaction trend can be modelled with the use of the lower modified Hashin-Shtrikman bound. It allows obtaining the bulk and the shear moduli of dry rock when the cement is deposited away from grain contacts. For a cemented reservoir, it has been found that the cementation trend can be modelled
using the modified upper Hashin-Shtrikman bound (Avseth et al. 2010; Mavko et al. 2011 ).
Next, the Gassmann fluid substitution is performed to estimate the effect of saturation on the dry rock frame. Having computed dry rock bulk and shear moduli at various porosities, the Gassmann's equation allows obtaining their values at various saturations. The shear modulus of saturated rock is independent of fluid content. Re-arranged Gassmann's relation that allows direct computation of the saturated rock moduli K sat is as follows (Mavko et al. 2011): and where K sat and G sat are the bulk and the shear modulus of the saturated rock as a function of porosity and saturation, K dry and G dry are the bulk and the shear modulus of the dry rock frame as a function of porosity, K ma is the bulk modulus of the skeleton (i.e. the effective bulk modulus of the multimineral matrix), and K fl is the fluid mixture bulk modulus.
K dry and G dry can be derived from the modified Hashin-Shtrikman bounds; K ma (and G ma , which is hidden in G dry ) may be computed as the average of the upper and lower Hashin-Shtrikman-Walpole bounds or as the Hill average. The pore fluid properties depend on the reservoir pressure, temperature, and water saturation S w . The reservoir fluid can be water, gas, oil, or a mixture of them. Assuming homogeneous mixture, one can use the lower Reuss bound for calculation of the bulk modulus of the fluid mixture. For patchy saturation K fl , the Voigt bound should be utilised.
Finally, when the bulk and the shear moduli of saturated rock are calculated as a function of porosity and saturation, K sat , S w and G sat ( ) , one can compute Vp and Vs as follows:
where sat , ma , w , HC are the bulk density of saturated rock, and the matrix, water, and hydrocarbon densities, respectively.
These parameters are used for further calculations of Vp/Vs ratio and acoustic impedance.
Rock physics template-shale model Vernik and Kachanov (2010) proposed a universal semiempirical model that relates bedding-normal velocity and porosity in fully water-saturated conventional shales preconsolidated to porosity values of 40-45%. This model incorporates clay content, V cl , which is the key lithologic variable, and is consistent with the gradual compaction caused by the increase in effective stress:
where c 33m is the bedding-normal elastic stiffness of the anisotropic solid matrix composed of clay and silt (nonclay components), k is the pseudo-shape factor, is the total porosity, and b , m , f are the bulk, matrix, and fluid densities, respectively. The model assumes bimodal shale composition with aligned (laminated) plate-like clays and nonclay components. Thus, the bedding-normal stiffness of the matrix can be computed by Reuss average:
where V cl_dry is the volume fraction of the dry clay content in the solid matrix, c 33cl is the elastic stiffness of clay minerals, and M ncl is the P-wave modulus of the remaining minerals, mostly quartz, feldspars, and carbonates.
The pseudo-shape factor k is a clay content-dependent empirical exponent:
The shale model works best with the shale grain mineral density m that assumes exponential variation caused by compaction and the smectite-to-illite transition: This grain density model can be applied to shales with the bulk density b exceeding 1.9-2.0 × 10 3 kg/m 3 . For shales at porosity below 0.25, regardless of clay content, the grain density m may be taken as 2.73 × 10 3 kg/m 3 .
Shear wave velocity in the shale model is inverted from Vp − Vs empirical relation:
where V S0 is the compressional wave velocity given in Eq. 15, a = 0.000284, b = 0.287, and c = 0.79.
The coefficients in Eq. 18 are calibrated using shales with clay volume from 40 to 70% and a predominantly illite/smectite/chlorite clay mineralogy. This relation
describes an accelerated, nonlinear drop in V S as the sediment porosity approaches 40%, which is consistent with the dipole shear data in soft shales. For predominantly illite/chlorite/kaolinite clay mineralogy, Vernik and Kachanov (2010) derived the elastic bedding-normal stiffnesses: M c 33cl = 33.4 GPa and G c 44cl = 8.5 GPa from the shale model using the core and log data. Assuming the Thomsen parameters of these clay aggregates are: = 0.3, = 0.25, and = 0.5 ⋅ = 0.15 (Vernik 2016) , one can compute the remaining components of the stiffness matrix for polar anisotropy medium. Then, the bedding-parallel stiffnesses are: M c 11cl = 53.4 GPa and G c 66cl = 12.7 GPa. The anisotropic Lame parameter is: c 13cl = 21.0 GPa.
Application of granular effective medium model
RPT modelling of Silurian and Ordovician deposits with the use of the GEM theory involved five steps and was based on the methodology described above (Mavko et al. 2011; CGG 2015) . The workflow was as follows:
1. Computing the initial effective bulk and shear moduli of the multi-mineral matrix, K ma and G ma , separately for each lithology group, with the use of the Hashin-Shtrikman-Walpole bounds (Eqs. 9a-c).
Densities and elastic moduli of the main mineral components were chosen as presented in Table 3 . 2. Computing the moduli of the dry rock frame for an effective pressure and a critical porosity, K dry c and G dry c , using the contact Hertz-Mindlin theory (Eqs. 10, 11).
Since there was no evidence of overpressure in the shale formations, the effective pressure was calculated using standard gradients for the hydrostatic and overburden pressure. The effective pressure was fixed at 0.039 GPa at a depth of 2900 m, which is the approximate depth of sweet spot formations. Critical porosity for shales and shales with increased organic matter content was set as 0.7, for carbonates and marls as 0.4. The corresponding coordination numbers (Eq. 11) were equal to 3 and 9. 3. Computing the moduli of the dry rock frame over a range of porosities, K dry < c and G dry < c , using the modified Hashin-Shtrikman bounds. Both bounds, i.e. the lower and the upper, were applied to see how the compaction and the cementation trends would be modelled for the lower Paleozoic shale formations. 4. Performing fluid substitution with the Gassmann's Eqs. (12a, 12b) to calculate saturated rock moduli: K sat , S w and G sat ( ) . It was assumed that the pore space in shales with kerogen is filled with the homo-geneous mixture of water, gas with the addition of oil (Stadtmüller et al. 2018) . For the shales and the calcareous formations, it was assumed 100% water saturation. Elastic parameters of fluids, which were used in modelling, are presented in Table 4 . 5. Computing the density and P-and S-wave velocities of saturated rock, V p , S w , V s , S w , and sat , S w , with the use of Eqs. (13a-c) and cross-plotting Vp/Vs ratio versus P-Impedance as a function of porosity and saturation.
Application of shale model
The shale model was applied to the lower Palaeozoic deposits classified as shales in the lithology discrimination procedure (group 1). The elastic moduli for clay aggregates from Vernik and Kachanov (2010) were assumed, and the moduli for the nonclay components were taken from the literature ( Table 5 ). The fractional volumes of matrix minerals were the same as for GEM modelling (compare Table 3 ). Though this model is valid for conventional shales only, the kerogen was not excluded from the matrix since its fractional volume is very low in shales from group 1.
To compute bedding-normal compressional and shear velocities (Eqs. 14 and 18), it was necessary to get the bedding-normal elastic stiffness of the solid matrix, c 33m (Eq. 15), and the pseudo-shape factor, k (Eq. 17). The calculations were done for V cl_dry = 0.648 (Table 5) ; shale matrix density was assumed as 2.73 × 10 3 kg/m 3 (as suggested in Vernik and Kachanov 2010) , and the P-wave modulus of nonclay minerals, M ncl , was derived from the Hill average (Eq. 8) of P-wave moduli of individual minerals ( M c 33 from Table 5 ). Values of these parameters were as follows: M ncl = 95.75 GPa, k = 4.46, and c 33m = 43.35 GPa. The fluid density (Eq. 15), i.e. water, was equal to Vernik and Kachanov (2010) for dry clay volume V cl_dry = 0.648 (value for the shales from the lithological discrimination group 1) 1.05 × 10 3 kg/m 3 , the same value as in GEM modelling ( Table 4 ). Result of modelling the bedding-normal velocities with the use of the shale model is presented in Fig. 8 .
Discussion
Results of GEM rock physics templates
As a result of the GEM workflow application, the effective elastic moduli of the multi-mineral matrix for each lithology group was determined as well as the elastic moduli of the dry rock frame at the critical porosity. The values are included in Table 6 . The moduli obtained for the matrix of shales, shales with increased organic matter, and calcareous deposits were used for calculation of the matrix points in the domain VpVs-AI (Table 7) . Both tables are complemented with the values obtained for the "pure carbonates" that were helpful in the analysis of the Kopalino limestone formation. It was assumed that the theoretical pure carbonates were composed of 80% of limestone and 20% of dolomite. The rock physics templates were constructed separately for each lithology group and displayed in the Vp/Vs ratio versus acoustic impedance cross-plot. The total porosity (PHIT) from the interpretation of well logging data was used a key colour. Figure 9 presents the results of RPT modelling of compaction trend by the lower modified Hashin-Shtrikman bound (a and c), and the cementation trend modelled by the upper modified Hashin-Shtrikman bound (b and d).
The analysis of the constructed rock physics templates revealed that for shales, in general, the lower modified Hashin-Shtrikman bound fits much better to the data (Fig. 9a ) than the upper bound ( Fig. 9b ). It might be surprising at first, since the first model is recommended to unconsolidated or soft sediments, and describes the compaction process of loose deposits (e.g. Avseth et al. 2001 Avseth et al. , 2009 Avseth et al. 2010; Chi and Han 2009; Mavko et al. 2011) . However, in the shales (lithology group 1), the clear and significant compaction trend is visible, as shown in Fig. 6 . Additionally, the modelled porosity agrees with the total porosity from the logs.
The matrix line for shales with organic matter and hydrocarbon (lithology group 2) is shifted towards lower Vp/Vs ratio and acoustic impedance values, which means that the addition of kerogen and hydrocarbons significantly softens the elastic properties of shales. The saturation lines only approximate the hydrocarbon saturation and do not fit perfectly to the data. A few reasons might cause it. Firstly, the hydrocarbons in organic shales are present as both absorbed and free hydrocarbons, which were not accounted for in this modelling. Secondly, the total hydrocarbon saturation was approximated and averaged using the data from all investigated wells. Thirdly, the misfit between the saturation lines and the data might be a consequence of the method used for modelling the fluid elastic properties. In this study, the simple homogenous fluid mixture (Reuss average) was assumed, while it might be more complex and heterogeneous (like patchy saturation). And finally, the anisotropic extension of the Gassmann's relation should have been used instead of its isotropic form (Brown and Korringa 1979; Thomsen 2010; Mavko et al. 2011 ). However, it was impossible to provide all the necessary parameters that are required in generalised Gassmann's and Brown and Korringa's equations. For all these reasons, and the fact that the shales are in general "non-Gassmann" rocks, the saturation lines should be considered only qualitatively not quantitatively and should be treated as a rough approximation of elastic properties changes caused by the hydrocarbon saturation.
RPT modelling for the calcareous deposits was done for carbonates and marls according to the results of lithology discrimination (group 3) and the corresponding elastic moduli (Table 3 ). Since the results were rather unsatisfactory for the Kopalino limestones (the points of the highest VpVs and AI described as a group 3a in Fig. 9c, d) , it was decided to model also the theoretical "pure carbonates" composed of 80% of calcite and 20% dolomite. The RPT pure carbonate lines are presented along the lines obtained for the real deposits (Fig. 9c,  d) . Analysing the lines on the templates for the lithology group 3, one may conclude that the elastic properties of marly claystones/siltstones and marls (group 3b) are very different from the elastic properties of limestones (group 3a). Marly and other calcareous deposits follow the shale trend but exhibit moderate acoustic impedance (but higher than for shales) values and lower Vp/Vs ratios. These sediments are present mainly in the Prabuty Formation. They could be satisfactorily modelled by the compaction trend derived from the lower modified Hashin-Shtrikman bound, similar to the approach utilised for shales (Fig. 9c) . The Kopalino limestones elastic properties are much better explained by the pure carbonates line, derived either from the lower or the upper modified Hashin-Shtrikman bounds. However, it seems that the cementation trend obtained from the latter slightly better fits to the data (Fig. 9d) .
Results of the shale model in comparison with GEM rock physics templates
The shale model provided bedding-normal compressional and shear wave velocities, V P0 and V S0 in a function of porosity and the average dry clay volume V cl_dry = 0.648 for formations classified as shales (lithology group 1). Additionally, the bedding-normal P-and S-wave velocities were modelled for various clay volumes: 0.2, 0.4, 0.6 and 0.8, and superimposed on the velocity-porosity cross-plots presenting well logging data (Fig. 10) .
It can be seen that the GEM approach better describes velocity-porosity relation in shales from the Baltic Basin than the SM. It is observed especially for very low porosities, below 5%, which are caused by higher compaction. Additional lines of the SM drawn for various clay contents show only that the vertical velocities should be lower for higher clay volume, but they do not fit to the data.
The misfit to the log data is easier to notice when the velocity-porosity cross-plot presents log data from the shale formations considered as non-perspective (Fig. 11) . They are Puck, Kociewie, Pelplin, Pasłęk, and Prabuty Formations. Formations regarded as sweet spots, i.e. Jantar Member and Fig. 9 Rock physics templates constructed for the shales, the shales with organic matter and hydrocarbon saturation, and the carbonates and marls; both modified Hashin-Shtrikman bounds were applied to model the compaction and the cementation trends. "Por" stands for total porosity Sasino Formation, are excluded from this cross-plot. The shale model agrees with the GEM results and fits the data only for compressional wave velocity and for less compacted formations (Puck and Kociewie Formations). For shear wave velocity, it hardly follows the compaction trend.
The results of the RPT obtained from the GEM and the SM were also compared with the Vp/Vs ratio-AI domain (Fig. 12) . Figure 12a and b presents the same data, but the two different parameters are used as a colour scale: clay volume (a) and total porosity (b). The SM incorrectly models the elastic properties of the shale formations. It gives much higher Vp/Vs ratio than the GEM model and also much higher than the measurements (i.e. well logging data). It also predicts the wrong values of P-impedance (AI) and its changes with porosity.
Conclusions
To sum up the results, the final rock physics template for lower Paleozoic formations from the Baltic Basin may be composed of separate lines for various lithologies derived from GEM modelling as follows ( Fig. 13) :
-the shale line that models the compaction trend, -the shale with organic matter and hydrocarbons that models the compaction trend and hydrocarbon saturation, -the marls trend that models the compaction trend, -the carbonates trend that models the cementation trend. Fig. 10 Vertical velocities from sonic logs, V P0 (a) and V S0 (b), crossplotted with total porosity, PHIT-logging data for the shales (group 1) from well W1. Superimposed lines present results of RPT model-ling with the use of GEM theory and the shale model (SM) for average dry clay volume in shales V cl_dry = 0.648 (lithology group 1), as well as for theoretical dry clay volumes: V cl_dry = 0.2, 0.4, 0.6, and 0.8
Fig. 11
Vertical velocities from sonic logs, V P0 (a) and V S0 (b), cross-plotted with total porosity, PHIT in comparison with the GEM modelling and the SM results-logging data for non-perspective shale formations from well W1
Summary
In the paper, the analyses of the elastic properties of the Silurian and Ordovician formation from the Baltic Basin were presented. The logs measured in three closely located three wells were utilised in the rock physics modelling. Using the results of petrophysical formation evaluation, the lithology discrimination was made. Three lithology groups were determined with the use of the criteria defined by the cutoff. They were: (1) shales, (2) shales with increased organic matter content and saturated with hydrocarbons (organic shales), and (3) carbonates, marls, and other calcareous sediments, such as marls or marly claystones/mudstones. Then, the average mineral composition of the matrix for each lithology group was derived. It was crucial information that allowed computing the effective moduli of the skeleton, Fig. 12 Results of GEM and SM prediction of elastic properties in the Vp/Vs ratio-acoustic impedance (AI) domain and as a function of clay volume (a) and total porosity PHIT (b)-logging data for the shales (group 1) from well W1 Fig. 13 Final rock physics template created for the lower Paleozoic formations from the Baltic Basin, Poland which represented the matrix elastic properties of the whole lithology group.
Additionally, the methodology and the workflow of creating rock physics templates for lower Paleozoic shale formation were proposed. The effective medium theory, the mixing laws, and the contact grain model were utilised in the granular effective medium approach, as well as the semiempirical relation between velocities and porosity in the shale model. As a result of the first method, the effective elastic moduli of dry rock frame at 0% porosity (i.e. of the matrix) and the dry rock frame at critical porosity were computed and presented for each lithology group. They were obtained from the Hashin-Shtrikman-Walpole bounds and the Hertz-Mindlin contact theory, respectively. The modified Hashin-Shtrikman bounds allowed modelling the compaction and the cementation trends, while the Gassmann's relation was used for saturated rock elastic moduli computation and fluid substitution. The second approach provided vertical (or bedding-normal) P-and S-wave velocities in a function of total porosity and dry clay volume, which were transformed also into Vp/Vs ratio-AI domain.
Created rock physics templates showed that the formations that were considered as shale, here: claystones, mudstones, and siltstones, exhibited elastic behaviour that was satisfactorily described by the compaction trend from GEM modelling: the deeper the formation was, the better the elastic properties were. Addition of carbonate minerals in marls, marly claystones/mudstones, or other fine-grained sediments caused further increase in acoustic impedance, but the compaction trend observed in shales was generally followed. The compaction trend was obtained from the lower modified Hashin-Shtrikman bound that is used in uncemented or soft sands rock physics models. It might be surprising that such model satisfactory described the elastic behaviour of highly compacted shales. However, the data for shales fit very well to the upper and the lower elastic bounds of a mixture of quartz and water. What is more, the data presented in the VpVs-AI cross-plot, confirmed distinct and very clear compaction.
Different behaviours were observed for the Kopalino limestone formation distinguished from the carbonates and marls lithology group. Here, the elastic properties were slightly better described by the cementation trend. The abundance of the carbonate minerals caused the increase in both acoustic impedance and Vp/Vs ratio values, unlike in shales, calcareous shales, and marls. Additionally, very low porosity was observed for the limestone that was correctly predicted by the applied rock physics model.
The shale model, though regarded as universal, did not satisfactorily predict the elastic properties of shales, especially for low porosities and strongly compacted deposits.
In the end, the final rock physics template was proposed that can be useful in elastic properties determination of the lower Paleozoic formation from the Baltic Basin in Poland. Further research of elastic modelling of shales, especially of organic shales, is in progress. They are focused on anisotropy and the influence of organic matter.
